A recent study has functionally disentangled the hitherto enigmatic mesencephalic locomotor region of the brain on the basis of cell type diversity and identified differential upstream regulatory pathways.
A defining feature for all animals is their ability to translocate from one place to another by locomotion. The nervous system must be able to implement robust control mechanisms to allow for temporally precise initiation, speed adjustments and termination of locomotion depending on the stimuli that are encountered and/or the motivation to move. Despite, or perhaps rather because of, its importance, we only become fully aware of locomotion when we suffer deficiencies. This is the case in diseases such as Parkinson's disease (PD) or after spinal cord injury, conditions that severely affect our ability to move. To understand the organization of centers in the nervous system at the core of regulating our ability to locomote is therefore a very important goal of neuroscience research.
Recent studies have begun to suggest that a key aspect to understand movement control centers will be their dissection into functionally and genetically defined neuronal cell types, and the determination of how these are embedded into upstream and downstream circuits. Exciting new work from Anatol Kreitzer's lab [1] provides important insight into circuit-level organization and in vivo function of a historically mapped and evolutionarily conserved site in the brain implicated in locomotion: the enigmatic mesencephalic locomotor region (MLR).
Historical Identification of Locomotor Centers
A historical approach to determining whether a brain structure can elicit behavioral responses was the application of confined electrical stimulations. Shik and colleagues [2, 3] were the first to identify an area in the cat midbrain that, upon stimulation, elicited full body locomotion in decerebrated preparations -the MLR. Although later work by Mori and colleagues [4] identified further brain regions with locomotion-inducing properties, the MLR remained the most-studied structure. It is now clear that, as a functional region with the ability to induce locomotion, the MLR is highly conserved throughout evolution with proven existence in phylogenetic groups including rodents [5] and lamprey [6, 7] .
Despite the well-studied locomotion-promoting property of MLR stimulation, however, the identity and possible diversity of neurons responsible for and contributing to the observed effects have remained a matter of debate [8, 9] . Anatomical contributions to the MLR have been proposed to include neurons residing in the cuneiform nucleus, the pedunculopontine tegmental nucleus (PPN), and surrounding mesencephalic reticular formation [8, 9] . Moreover, studies on neuronal diversity show that at least three cell types are intermingled in this area (glutamatergic, GABAergic and cholinergic), and neurons may even be organized topographically [10] . Deep brain stimulation of the PPN is currently being tried in human PD patients as a possible way of ameliorating gait symptoms, but the study outcomes so far are contradictory [11] . Therefore, a better functional understanding of involved cell types within the behaviorally defined MLR is urgently needed.
MLR Neuronal Subtypes Elicit Distinct Behavioral Responses
Technological advances in recent years have made it possible to combine mouse genetics, viral tools and optogenetics to probe the function and firing properties of identified neuronal populations. A first step in this direction for MLR came from a study primarily focused on visual cortex [12] . The authors demonstrated that optogenetic stimulation of excitatory MLR neurons induces running and coincidently increases the gain of visual cortex responses in awake, head-fixed mice. Remarkably, MLR stimulation at intensities not eliciting running maintained the observed cortical change (Figure 1 ), indicating that the cortical effect can likely be attributed to ascending MLR pathways to the basal forebrain [12] .
In their new study, Roseberry et al. [1] carefully dissected the role of specific neuronal subtypes of the MLR network in locomotion and probed how basal ganglia circuitry feeds into this network. After electrical mapping in mice, the authors tested whether stimulation of optogenetic activators in glutamatergic (vGlut2), inhibitory (vGAT) or cholinergic (ChAT) neurons in the defined MLR region affects locomotor parameters (Figure 1) . They found that, in stationary mice, glutamatergic MLR neurons were the sole neuronal subtype to induce full body locomotion upon stimulation. Conversely, optogenetic silencing of these neurons during running resulted in deceleration. Furthermore, during ongoing locomotion, glutamatergic, but also cholinergic, MLR neuron activation resulted in increased running speed, while inhibitory neuron stimulation caused deceleration. In vitro and in vivo electrophysiological recordings demonstrated that deceleration could be attributed at least in part to local inhibition of glutamatergic MLR neurons.
Together, these findings suggest that different locomotion-related signals might be encoded by distinct elements of the MLR network.
To test this model further, Roseberry et al. [1] assessed which locomotor parameters are represented in the firing properties of MLR neurons (Figure 1) . They found that most light-identified glutamatergic MLR neurons increase their firing rate during locomotion. When considering the time of firing change and locomotion onset, activity of individual neurons exhibited variability with respect to behavior changes. However, locomotor onset could nevertheless be predicted from the activity of the glutamatergic population ensemble. These findings suggest that the firing code of the overall population before running onset predicts the likelihood for an imminent locomotor onset. Interestingly, these experiments also demonstrate that the MLR glutamatergic population might subdivide into at least two functional groups: a first one only correlated to locomotion, and a second also correlated to speed. Furthermore, analysis of the neuronal activity of inhibitory MLR neurons during locomotion resulted in mixed responses. These observations make it likely that further subtype differences exist within the glutamatergic and inhibitory MLR populations. Whether these differences relate to distinct input-output relationships of identified neuronal populations will be interesting to pursue.
Differential Upstream Inputs to MLR Neuronal Subpopulations
To gain insight into how MLR subpopulations are controlled, Roseberry et al. [1] took cell-type specific monosynaptic rabies virus approaches, allowing identification of presynaptic neurons with direct input to a defined neuronal population. They found a clear bias of presynaptic inputs from basal ganglia structures for excitatory compared to inhibitory MLR neurons. Furthermore, while many other upstream structures were common to both MLR populations, the superior colliculus and dorsal raphe were seen to preferentially contact inhibitory MLR neurons (Figure 1 ). Bringing these findings together with previous work, input from superior colliculus specifically to inhibitory MLR neurons and close-by regions might link these neurons to execution pathways for visually guided arrest or fear behaviors [13, 14] . It has long been proposed that locomotion might be triggered by disinhibition of basal ganglia inhibitory output to the MLR [4, 7] . Following up on the anatomical link between basal ganglia and excitatory MLR neurons, Roseberry et al. [1] next investigated this pathway using functional tools. They found that, while optogenetic activation of direct striatal medium spiny neurons (MSNs) increases firing rates of glutamatergic MLR neurons preceding locomotion onset, activation of indirect MSNs does the reverse. Also, optogenetic manipulation of excitatory MLR neurons in opposite directions can override upstream stimulation of direct and indirect MSNs. Together, these findings provide evidence for high selectivity in the communication channels between basal ganglia pathways and MLR subpopulations.
Brainstem Locomotor Control Circuits
An open question is how locomotor and speed signals from glutamatergic MLR neurons are translated into body movement. Experiments performed in cats demonstrate that cooling ventral medullary areas blocks locomotor effects elicited by electrical MLR stimulation [15] . These findings suggest that an intermediary step in the transmission to action resides within the lower brainstem. Recent work using retrograde virus approaches from limb muscles has revealed brainstem locations with direct access to motor neurons [16] . These premotor neurons might include populations transmitting locomotion-promoting signals from MLR neurons to the spinal cord. Conversely, brainstem circuits also mediate motor commands inhibiting locomotion. A recent paper by Kiehn and colleagues [17] identified an excitatory brainstem population in the gigantocellular nucleus marked by expression of the transcription factor Chx10 attenuating locomotion probably by targeting spinal interneurons. Moreover, glycinergic brainstem neurons with ascending projections to the thalamus can induce behavioral arrest [18] .
Outlook
The current view on neuronal subpopulation diversity in the brainstem is likely just the tip of the iceberg. It is already clear now that functionally distinct subpopulations are frequently intermingled, and that unique markers and/or principles of circuit organization including input-output relationships provide valuable entry points to disentangle their specific functions. Moreover, locomotion is just one of many motor programs encoded within the complexity of brainstem networks. Brain lesion studies in frogs demonstrated the necessity of the brainstem in the construction of muscle synergies [19] . Moreover, glutamatergic neurons in the caudal brainstem nucleus MdV regulate grasping during skilled forelimb movements [16] . These and other studies raise the interesting question of how specific brainstem populations encode aspects of motor programs, and how they interact with each other to regulate coherent overall movement sequences during natural behavior. Roseberry et al. [1] have brought exciting insight into the circuit mechanisms of how the enigmatic MLR regulates locomotion.
